Noninvasive genetic studies of wild animals enable the recovery of information infeasible to obtain using other means. However, the low quantity and quality of noninvasively collected DNA often challenge the retrieval of reliable genotypes, which may cause biases in downstream analyses. In this study, we optimized SNP (single nucleotide polymorphism) genotyping of fecal samples from moose (Alces alces) with the main purpose of exploring the potential of using noninvasively retrieved genotypes for individual-and sex identification. Fecal pellets were collected during the late winter of 2016 on the Swedish island of Öland in the Baltic Sea and DNA was extracted and genotyped using 86 autosomal, six sex-specific and five species diagnostic SNPs. The SNP error rate of the quality filtered dataset was 0.06 and the probability of identity for siblings below 0.001. Following a thorough quality filtering process, 182 reliable genotypes were obtained, corresponding to 100 unique individuals (37 males, 63 females), with an estimated male proportion of 37% (± 9%). The population size, estimated using two different capture-markrecapture approaches, was found to be in the range of 115-156 individuals (95% CI). Furthermore, moose on Öland showed significantly lower heterozygosity levels (z Hexp = −5.51, N = 69, p Hexp = 3.56·10 ) and appeared genetically differentiated from moose on the Swedish mainland. Thus, we show that quality controlled noninvasively derived SNP genotypes can be highly informative for individual and population monitoring in a large ungulate.
Introduction
Acquiring reliable data on fundamental parameters such as distribution, population size, and reproduction is important for wildlife research and management alike (Allendorf and Hard 2009; Bender 2006; DeYoung et al. 2006; Morellet et al. 2007 ). This is particularly true for populations of ecological and economical importance or of conservation concern (Bunnefeld and Keane 2014; Skrbinsek et al. 2012) . However, studying wild populations is often logistically demanding, especially for species that range widely, across inaccessible terrain, occur at relatively low densities, and are wary of humans. Many different observational methods have therefore been used to generate such estimates, ranging from spoor and pellet counts to camera-trapping, ringing, collaring, and aerial surveys. These methods may produce good relative population estimates, allowing for comparisons between censuses and monitoring of population trends over time (Balme et al. 2009; Cutler and Swann 1999) ; however, converting observation frequencies to absolute numbers is typically fraught with biases (Anderson 2001; Anderson 2003; Garel et al. 2010; Lonergan et al. 2013; Ringvall et al. 2000) . For example, a lack of individual recognition may lead to counting the same individual repeatedly, thereby inflating the population estimate, a pervasive problem in camera trap based censuses (Treves et al. 2010) . In some species individual recognition is feasible, but more commonly the animal has to be fitted with some form of tag, typically requiring capture. An alternative is to use an individual's genotype; a unique and permanent tag that can be obtained noninvasively, i.e., from remnants such as feces, saliva, or hair (Taberlet and Luikart 1999) . Recapture patterns and analyses of individual genotypes allow estimates of a wide range of evolutionary, ecological, and behavioral processes in wild populations (Arandjelovic et al. 2010; Norman and Spong 2015; Palsboll 1999) .
Fecal samples are a commonly used source of DNA for noninvasive genetic studies of wildlife (Brinkman et al. 2011; Gray et al. 2014; Hettinga et al. 2012; Kohn et al. 1999; Prugh et al. 2005; Robinson et al. 2009 ), and their appeal comes from high abundance, ease of identification, and relatively high concentrations of DNA (Morin et al. 2001 ). Yet, obtaining high quality genetic data from fecal samples collected in field can be challenging (Creel et al. 2003; Fickel and Hohmann 2006; Hebert et al. 2011) . In order to obtain precise population estimates from recapture studies, a sufficient number of samples have to be collected, and the sample size is furthermore determined by the outcome of the genotyping process which to a large extent is affected by the quality and quantity of the sampled target DNA. Insufficient amounts of intact target DNA, contamination, and the presence of PCR-inhibitors are recognized problems related with fecal samples, and degradation of DNA over time due to exposure to UV radiation, heat, and humidity, makes the timing of sampling of importance and prompt sampling preferable (Panasci et al. 2011; Rea et al. 2016) . Following sampling, the preservation method of the collected material is an additional factor affecting the DNA quality (Panasci et al. 2011; Taberlet and Luikart 1999) . Furthermore, for individual-based applications, amplification failure in the form of allelic misprinting can generate false genotypes and/or incorrect matching of samples (Creel et al. 2003) , which may cause loss of information due to inconsistent genotypes but also risks biasing downstream applications such as population size estimations and relatedness analyses. PCRinhibitors, originating from the digestive system (e.g., bilesalts) or from dietary components, have been identified as the main cause of amplification failure for herbivore fecal samples (Ramon-Laca et al. 2015) . Among the known PCR-inhibitors in plant material are complex polysaccharides that disturb the enzymatic process and secondary metabolites such as phenolic compounds that bind to DNA (Kim et al. 1997; Schrader et al. 2012) . Various approaches have been applied to handle these problems, such as sampling without targeting inhibitors , characterization of target DNA before amplification (Ball et al. 2007) , and/or dilution of DNA extracts (Schrader et al. 2012 ). The quality of the genotyping is furthermore affected by the type of molecular marker used. Here, single nuclear polymorphism (SNP) assays have proven particularly useful for noninvasive studies as they work well on fragmented DNA, which can be explained by the relatively short fragment lengths required for amplification in comparison to for example microsatellite markers (Fabbri et al. 2012; von Thaden et al. 2017) . Moreover, liquid-based SNP microarray platforms typically have low copy number detection thresholds which are an important feature when analyzing degraded DNA. As a consequence, SNP markers have been shown to successfully and reliably amplify samples containing low amounts of DNA derived from fecal samples (Kraus et al. 2015; Norman and Spong 2015) .
The largest deer species, the moose (Alces alces), plays an important ecological and economical role in boreal regions of the world (Molvar et al. 1993) . As a selective browser, the moose feed extensively on leaves and shoots of woody plants including trees that are grown for forestry purposes. Moreover, the moose is an appreciated game species associated with strong cultural values leading to that the moose management has to consider conflicting interests regarding the size and distribution of the population. Sustainable wildlife management requires reliable and current population demographic estimates, especially important for heavily managed populations such as moose in Sweden. Moose are widely distributed throughout the Scandinavian peninsula and about 300,000-350,000 individuals (pre-harvest) are estimated to be found in Sweden, of which about 25-30 % is nonrandomly harvested each year (Jägareförbundet 2015) . Until now, population demographic parameters are based mainly on hunters' observations and pellet counts which have been collected yearly for decades and hence provide valuable relative abundance and demographic estimates. Also, aerial inventories are occasionally performed which are efficient for population surveys but very costly. Thus, genetic methods would be a strong complement to traditional population monitoring efforts that, in addition to more accurate population size estimations, could add information about sex-ratio, dispersal, reproduction, and genetic variation. Furthermore, the identification of individuals allows studies of behavioral components, such as resource and space use.
In this study, we evaluate the population monitoring capacity of SNP genotyping of noninvasively collected fecal pellets of moose. During the last decade, the health of moose on the Baltic island of Öland has been investigated. Despite the lack of large predators, lower than normal calf summer survival rates have been confirmed on the island, and it has been found that limited resource availabilities in combination with heat stress are important factors behind the low calf survival (Malmsten 2014 ). The island is furthermore a suitable study area for retrieving capture-mark-recapture-based demographic estimates, such as population size and sex ratio, since the population can be assumed to be relatively closed, with very few individuals entering or leaving the area during the study period. The last reported aerial inventory, conducted in the beginning of 2005, reported a population size at the time of 150 individuals distributed as 33% males, 47% females, and 20% calves (Jonsson 2007) . The hunting pressure on moose on Öland varies between years; from zero harvested animals to a maximum of 43 harvested animals between the years 2000 and 2016, a variation that can be explained by an adaptive management with harvesting levels adjusted according to current evaluations of the population and by voluntary suspended hunting during some years by the owners of the hunting rights. In this study we; (1) evaluate the performance of the moose SNP panel on noninvasively collected fecal samples, and used this data to (2) estimate the population size, sex ratio and (3) explore the genetic differentiation between moose on Öland and the Swedish mainland.
Methods

Sampling and location
Öland is located in the Baltic Sea, 3-30 km southeast of Sweden (56°N, 16°E). The island covers 1342 km 2 (137 km long, 16 km at the widest point). From 29th of January to 11th of April 2016, moose pellets (n samples = 489) were collected following a citizen science approach involving local inhabitants and/or hunters on Öland (Fig 1) . Initially, sampling was conducted using a systematic line transect design but the encounter rate proved to be too low. Consequently, the sampling was altered to an opportunistic method meaning that areas preferred by moose (i.e., forest patches where they feed and seek shelter) were scanned for pellets. During the sampling period, moose on Öland were regarded as a demographically and geographically closed population with no births and negligible number of deaths or migrants between the island and the mainland. Similar studies estimating population size from noninvasive sampling have estimated that a necessary sampling effort, taking into account the loss of samples due to genotyping failure, is about three times as many collected samples as there are unique individuals (Kindberg et al. 2011; Puechmaille and Petit 2007) . We hypothesized the moose population on Öland to consist of about 150 animals (Jonsson 2007) , giving us a target of a minimum of 450 samples. In line with our assumption that the population was closed and since DNA degrades rapidly in field, only fresh fecal pellets were targeted during sampling. For each encountered "pile" of moose fecal pellets, five pellets were collected into a plastic bag, and the samples were stored in freezer until DNA extraction. The sampling effort varied between days (46 days in total) with the number of collected samples ranging between 1-24 samples / day. The climatic conditions during the time of sampling included a mean temperature of 3.4°C and a mean precipitation per day of 0.6 mm (SMHI 2018). For validation of the sex-specific SNPs, we included seven fecal samples from moose of known sex (two female, five male) collected in enclosures at the zoo "Lycksele djurpark." Also for validation purposes, high quality DNA extracted from blood samples available from 34 GPS equipped moose on Öland were included in the study. The blood was collected in 2012 and 2015, using EDTA tubes, and stored in −20°C after collection (Permits from the Committee of Ethical evaluation, Umeå: A116-09, A12-12, A50-12, A205-12). Population genetic differentiation between moose on Öland and its source population; the Swedish mainland, was investigated using genotypes generated in a previous study using the same SNP panel (Blahed et al. 2018 ).
DNA extraction
To target epithelial cells from moose intestine wall present on the surface of the fecal pellets, while minimizing the inclusion of nontarget DNA from dietary compounds, only the surface material of the pellets was used for DNA extraction. From each fecal pellet sample (1 pellet/sample), 0.18-0.22 g surface material was scraped off using a scalpel. The fecal pellets were kept on ice during handling in the lab, and extraction of DNA was conducted manually using the QIAamp DNA Stool Mini Kit and QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the protocols of the manufacturer. The whole blood samples used for validation were thawed on ice in room temperature, and 200 μl of whole blood was used as input volume for automatized extractions using the QIAsymphony SP instrument and the QIAsymphony DSP DNA Mini Kit (Qiagen, Hilden, Germany). DNA extracts were stored at −20°C.
SNP genotyping and evaluation
Genotyping was performed with SNPs previously developed by reduced representation library high-throughput sequencing of Swedish moose, including two individuals from Öland (Blahed et al. 2018) . The SNP panel included 86 autosomal SNPs (minor allele frequency range = 0.25-0.50), six sexspecific SNPs and five species diagnostic mitochondrial SNPs (Online Resource 1). In total, 530 samples were genotyped on the Fluidigm Biomark platform (Fluidigm Corporation, San Fransisco, USA). Based on previous genotyping of high quality DNA (extracted from blood), the estimated error rate for the autosomal SNP panel was below 0.002 per allele and zero for the sex-specific and species diagnostic SNPs, and the panel has also showed to separate first order relatives with high confidence. To minimize the risk of cross-contamination between sources of DNA, our lab features a strict unidirectional flow in which DNA extraction, PCR amplification, and SNP analyses are performed in separate rooms. All rooms have designated equipment and only processed samples are moved between rooms. Every genotyping run included three non-template controls (NTCs), i.e., samples containing water instead of DNA, for detection of primer-dimer binding during the PCR and as a negative contamination control. The genotyping results were evaluated visually using the Biomark Genotyping Analysis Software before further analysis, and the assigning of samples to genotypes was controlled for every SNP locus and ambiguous calls were removed. Also, SNPs that did not produce distinct genotypes were discarded. Our lab has developed and set up SNP panels for more than 10 model systems, and in all, amplification success correlates to error rate (unpublished data). When working with low quality samples, the exact threshold for reliable genotypes is difficult to know in advance, but our lab has found that 75% amplification rate (both alleles called irrespective of their reliability) is an appropriate initial filtering threshold. As a consequence, samples with an amplification rate below 75% (including autosomal SNPs only) were discarded to decrease the number of missing alleles for downstream analyses. Initially, 65 samples were replicated for genotype reliability assessments, and these duplicated samples varied considerably in reliability with the poorest samples producing false unique individuals (ghost individuals) in downstream analyses. To enable assessments of the genotype quality for each sample and to avoid biasing our population size estimate, we attempted to produce duplicates for all samples with an initial amplification rate above 75%. Genotyping errors for the autosomal SNPs were defined as mismatches between assigned alleles of duplicated samples for both heterozygous and homozygous loci (thus potentially including both misprinting and dropouts). The error rate was calculated as the number of allelic mismatches between duplicates divided by the total number of amplified alleles. The unfiltered error rate was estimated based on the total number of genotyped samples with amplification rate above 75%, and the filtered error rate was calculated for the quality filtered genotypes that were included for individual identification. Using the R software (R Core Team 2017), a negative binomial general linear model (GLM) was applied to investigate the relationship between the number of amplified SNPs and the number of mismatches for the duplicated genotypes with an amplification rate above 75%. A likelihood ratio test was performed to test the overall model fit.
Sex identification and species diagnostics
The performance of the sex-specific SNPs on noninvasive fecal samples was examined partly by genotyping fecal samples of known sex, and partly by controlling against matching blood samples from GPS equipped moose of known sex. We tested six sex-specific markers (all on the Y-chromosome), and retained four that gave consistently reliable results. The error rate of the sex-specific SNPs was estimated based on duplicate samples of the quality filtered dataset; duplicated samples identified with different sex were recorded as errors. Using the true dropout rate, calculated from genotyping of known samples, the expected distribution of false results (negatives or positives) versus correct amplification across all loci was established. This allowed us to set amplification result thresholds that produced a sex determination with a confidence exceeding 98%. The binomial 95% confidence interval for the proportion of males detected in the population was computed based on the empirically determined proportion of males and unique individuals. For the species diagnostic SNPs, the error rate was estimated per allele for 65 replicated samples.
Individual identification
The number of unique individuals in the dataset was estimated using the R package allelematch (Galpern et al. 2012) . The maximum number of mismatching alleles allowed for separating individuals without matching unique genotypes was investigated with the function amUniqueProfile. In parallel, all sample duplicates were analyzed with the feature amUnique which match genotypes based on dissimilarities between pairs. The outputs of the amUnique analyses with different thresholds for allelic mismatching were screened manually for correct matching of sample duplicates and appearances of false unique individuals (i.e., sample duplicates appearing as two unique individuals). As a result, the duplicated genotypes were initially matched against each other with a maximum allowed mismatch of alleles set at 20 and the genotypes producing false unique individuals were removed to avoid biased population size estimations. Of the 34 individuals for which we had blood samples, 23 were alive at the time of the fecal pellet collection in 2016. The blood genotypes were matched with the quality filtered fecal genotypes in allelematch.
Population size estimation
The population size of moose on Öland was estimated using two different capture-mark-recapture (CMR) approaches. The general assumptions made for the CMR analyses were that the studied population was closed in space and time and that all individuals were correctly genotyped and identified. We obtained a maximum likelihood estimate, with a multinomial probability distribution, using the R package capwire (Pennell et al. 2013) . Capwire offers two different models for population size estimation; the first assumes that all individuals are equally likely to have been sampled; the second model takes into account individual-based heterogeneity in the probability of capture. A likelihood ratio test was performed running the lrtCapwire simulation to select the best fitting model for population size estimation. The confidence interval was estimated with the bootstrapCapwire function performing parametric bootstrapping (n = 1000) to obtain 95% confidence intervals for the population estimate. The second CMR approach was a Bayesian single sampling session method based on a non-informative prior distribution (Gazey and Staley 1986; Petit and Valiere 2006) . The function CMRpopsize written by Petit and Valiere (2006) was used, which incorporated the following information: total number of genotyped samples, number of uniquely identified individuals, and maximum population size.
Statistics and population genetic differentiation
Basic statistic calculations were performed using the R package BSDA (Evans 2017). Calculations of allele frequencies, Hardy-Weinberg equilibrium (HWE) and probability of identity (PI) were executed in GenAlEx 6.503 (Peakall and Smouse 2006; Peakall and Smouse 2012) . These parameters were estimated based on the uniquely identified genotypes of which consensus sequences were retrieved by the amCluster function of allelematch (consensus method = 2) with missing data replaced when available for other identical genotypes. To investigate population genetic differentiation between moose on Öland and the Swedish mainland, expected and observed heterozygosity and F-statistics were calculated in GenAlEx and a covariance-standardized principal coordinate analyses (PCoA) were performed using the same software to visualize similarities or dissimilarities of genotypes.
Results
Evaluation of genotyping
Manual screening of the genotyping output resulted in the exclusion of 12 of the 86 autosomal SNPs in the panel in order to avoid unreliable genotypes as an effect of interpretation difficulties. Three more SNPs with an error rate above 0.20 were excluded, resulting in 71 autosomal SNPs for analyses. For the analyses of population differentiation, additionally two SNPs were removed due to monomorphism and low amplification rate, resulting in 69 autosomal SNPs (Online Resource 1). Calculated for the uniquely identified genotypes, the mean estimated minor allele frequency (MAF) was 0.33, five of the SNPs deviated from HWE (p < 0.05, Online Resource 2). The probability of identity was estimated below 0.001 (p = 7.91 · 10 −4 ) combining eight of the most informative SNPs, and a similar level of probability (p = 7.68 · 10 −4 ) was achieved for first order relatives using 16 SNPs. Excluding replicates, 489 fecal pellet samples were SNP genotyped for autosomal, sex-specific, and species diagnostic markers. Successful amplification results (> 75% of the SNPs) were obtained for 302 of the genotyped samples; hence the rate of successful amplifications was 62%. Out of these, the species diagnostic SNPs revealed eight samples as roe deer. Out of the 34 blood samples included for genotyping, 33 samples amplified successfully. Successful amplification was achieved for 269 fecal sample duplicates that subsequently were included for further evaluations. At this point, the (unfiltered) mean error rate for the autosomal SNPs was estimated to 0.14 (sd = 0.07), varying between 0.03 and 0.35, and the mean sample amplification rate was 0.94 (range 0.76-1.00). The number of amplified SNPs was found to predict the number of mismatching SNPs (Negative binomial GLM: χ 2 = 144.89, p < 0.001, Fig 2) . Hence, samples with high genotyping success were associated with higher genotyping reliability. An additional quality-filtering step was applied after the observation that genotypes with 30% or higher allelic mismatch produced unreliable genotypes, leading to those 224 samples remained for matching of genotypes (Fig 3) . The mean error rate of the quality filtered dataset (used for identification of unique individuals) was 0.06 (sd = 0.04, range 0-0.18) and the mean amplification rate 0.97 (range 0.81-1). See Online Resource 3 for error and amplification rates for single SNPs.
Sex-specific and species diagnostic SNPs
The genotyping of fecal samples of known sex gave an estimated drop-out (Y-specific allele not amplifying in male) rate of 0.23 for the four sex-specific SNPs that were constantly informative. No case of allelic drop-in (Y-specific allele amplifying in female) was detected in the validation data; however, amplification of sex-specific SNPs for genotypes determined as female occurred at low levels in the analyzed noninvasive dataset. Based on the empirically found drop-out ratio, the probability of a male genotype amplifying at less than four out of eight sex-specific SNP loci was found less than 0.05 (based on known duplicates; see Fig 4) . Thus, considering the low risk of allelic drop-in, genotypes amplified at a minimum of 50% of the sex-specific loci were identified as male, and under these probabilities, the error rate of the sex identification was calculated to below 0.01. The sex identification of the unique individuals was conducted without any contradicting or ambiguous calls, and all cases where GPS collared individuals (blood samples) matched with individuals in the noninvasive dataset confirmed the sex identification performed on the fecal material. The amplification rate for the species diagnostic SNPs included for analysis was estimated to 0.97 and the error rate was 0.02 (sd = 0.04). All errors occurred at the same SNP that for the Öland population was found variable (Online Resource 1). One species diagnostic SNP failed in the genotyping process.
Individual identification
The initial matching of genotypes (n duplicates = 224) resulted in 169 unique individuals, six unclassified genotypes (neither unique nor matches) and 17 multiple matches. Following a manual screening of the output, 42 individuals were discarded due to inconsistent genotype duplicates that would risk an inflated population size estimation. The final dataset is screened and filtered to maximize the reliability of individual genotypes contained 182 single genotypes. At an allowed maximum of 21 allelic mismatches between samples, the quality-filtered dataset had zero unclassified samples and zero multiple matching samples, also no false unique samples were detected. Under these conditions, the number of unique individuals detected was 100 (Fig 3) . Notable is that the amUniqueProfile function provided within the allelematch package suggested a maximum of three mismatching alleles leading to 148 unique individuals. However, our manual evaluations based on duplicate genotypes found that such a low threshold inflated the number of false unique individuals by more than four times compared to our designated threshold. Seven out of 23 genotypes from GPS equipped moose were recaptured among the fecal samples.
Estimation of population size and sex ratio
Based on the recapture pattern of the 100 uniquely identified individuals, a likelihood ratio test for model selection resulted in that the null hypothesis (no within population heterogeneity Fig. 2 The number of mismatching SNPs and the number of amplified SNPs with a fitted negative binomial GLM curve. The number of mismatching SNPs was predicted by the number of amplified SNPs (p < 0.001). At this stage, 74 SNPs were analyzed and samples with an amplification rate below 75% had been discarded existing in the data) could not be rejected (p = 0.14). Hence, an equal capture model was fitted to the data to obtain a maximum likelihood estimate of the population size resulting in 134 moose ranging between 115-156 individuals within a 95% confidence interval. The Bayesian population size estimation resulted in 135 individuals with a 95% highest posterior density interval (HPD) of 118-156. Thirty-seven of the 100 unique individuals were identified as male leading to a male sex ratio of 37% ± 9% (95% CI) during the late winter of 2016.
Population genetic differentiation
The expected and observed mean heterozygosity for the Öland moose (100 noninvasive genotypes + 33 blood genotypes-7 matching genotypes = 126 Öland genotypes) were 0.43 and 0.41 and for the Swedish mainland moose (n = 57) 0.48 and 0.46 (H exp and H obs for single SNPs reported in Online Resource 2). A z-test found significant differences in heterozygosity between moose on Öland and the mainland (z Hexp = −5.51, N = 69, p Hexp = 3.56·10 -8 , z Hobs = −3.58, N = 69, p Hobs = 3.38·10
−4
). In a PCoA, a separation between moose on Öland and the mainland appeared that was most pronounced between genotypes from the northern mainland and Öland. Although no clear separation from the rest of the Öland genotypes, an aggregation of moose sampled in the northernmost forest of Öland appeared in the PCoA (Fig 5) . The pairwise population F st between Öland and the mainland was estimated to 0.03. Due to previously found substructuring of moose in Sweden into a northern and a southern subpopulation (Blahed et al. 2018; Wennerstrom et al. 2016) , estimations of population differentiation were performed also with the exclusion of moose from the northern mainland. However, the significant difference in heterozygosity between mainland and Öland persisted (z Hexp = −2.90, N = 69, p Hexp = 3.79· 10 −3 , z Hobs = −2.30, N = 69, p Hobs = 0.02), and the F st between the southern mainland and Öland was again estimated to 0.03 (Table 1 a) . The highest F st , 0.07, was found between moose in the northernmost area of Öland and the northern mainland (Table 1 b) . The inbreeding coefficient, F, for the Öland moose was 0.05 and for the southern mainland moose 0.04 (no significant difference).
Discussion
We were interested in assessing the performance of our recently developed panel of moose SNP markers on low quality DNA from noninvasively collected fecal samples. Individual Fig. 3 The main steps of the quality filtering process undertaken for the genotyped samples Fig. 4 Probability distribution of sex-specific SNP amplification. For a male genotype, the probability of losing information from more than four out of eight sex-specific SNP loci is below 0.05 (calculated for duplicate sample). Drop-in, i.e., incorrect amplification signals from sample without a Y-chromosome are extremely rare and would not exceed the threshold required for calling the sample male identification and sex determination of fecal pellets enable large-scale population genetic assessments at a relatively low economic cost and logistical effort. Following a thorough data screening process, reliable information about species, individual identity, and sex were delivered by the SNP panel. The species diagnostic SNPs showed high amplification success although one SNP surprisingly appeared to be polymorphic among moose on Öland and the inclusion of SNPs for separating deer species proved useful on fecal samples since eight roe deer were detected in the data. Including species diagnostic SNPs will be even more important when genotyping DNA extracted from, e.g., hair or saliva since the species of such samples is difficult or impossible to determine using other methods. The identification of individuals was highly accurate for the quality filtered autosomal SNP genotypes; out of 182 genotypes 100 unique individuals were identified. The estimated population size was consistent between the two different CMR methods used and was in the range of 115-156 individuals. However, the lower than desired sample size (due to lower than expected genotyping success) for the CMR analysis may have decrease the capture probability and consequently affect the precision of the population estimate. Sampling was optimized to include as many individuals as possible from the entire island but after the genotype filtering process, the southernmost area of Öland was not represented. This implies that we failed to cover the whole study area and according to GPS information available (Ericsson et al. 2017; Neumann 2018) , at least six moose were stationary on the southernmost part of the island during the winter of 2016. The vegetation pattern on Öland is highly heterogeneous and the vast majority of the preferred moose habitats occur in the north and middle parts of the island, which make the loss of samples from the south less problematic and should not largely affect the population size estimation. Yet, a relatively low "re-capture" rate of GPS collared individuals (seven out of 23) compared to the number of unique individuals (100) and the estimated population size (~135) may be suggestive of a too low sample size. However, it may be that collared individuals (with darting from a helicopter) were found in more open areas, whereas sample collection focused on more wooded areas with higher densities of pellets, explaining the low "recapture" rate of collared individuals in the fecal data.
We estimated the male ratio on Öland to 37% (± 9%) at the time of sampling which is within the confidence interval of the hunters' observation index (Älgdata 2018) . For unknown reasons one or two sex-specific SNPs failed to amplify in some of the genotyping runs, hence, including five or six sex-specific SNPs is recommended to ensure a sufficient number for analysis. Nevertheless, the sex identification of the 100 uniquely identified individuals was performed without any contradicting results and can be considered as highly reliable (see Fig 4) .
The moose SNP panel has previously shown high amplification success and has produced genotypes with very high reliability when DNA of high quality have been analyzed (Blahed et al. 2018) . Among the advantages of the particular SNP genotyping technology used is its sensitivity to low concentrations of target DNA. Based on successful outcomes using fluid-based SNP genotyping of noninvasively collected Fig. 5 PCoA visualizing population differentiation between Öland moose (n = 126) and moose from the Swedish mainland (n = 57). The strongest differentiation occurs between Öland moose and the northern mainland subpopulation. PC 1 and 2 explain 7.52% and 5.51% of the variation, respectively fecal samples, but for other species (Kraus et al. 2015; Norman and Spong 2015; von Thaden et al. 2017) , the expectation was to obtain satisfying results also for DNA extracted from moose fecal samples. Therefore, we were surprised by the low amplification rates and the high variability in genotype quality between samples. However, when dealing with noninvasive samples, there are factors complicating the different stages of the genotyping process. According to Panasci et al. (2011) fecal samples should be collected within one week or less after defecation for acceptable amplification result. Although fresh samples were targeted in this study, the exact age of the fecal pellets could not be determined; hence the DNA might have been largely degraded in some samples. Moreover, we suspect that the presence of PCR-inhibitors such as phenolic compounds, in particular pronounced in the winter diet of moose, contributed to the low amplification rates and affected the genotyping quality resulting in low genotype reliability. The initial threshold for satisfying amplification was set at 75% SNP amplification, which in our lab, has been shown as valid for the error rate and PI of other species (unpublished data). The final mean sample amplification rate for the processed dataset was 97% showing that a higher threshold is required for moose winter fecal data. The relationship between sample amplification rate and genotypic reliability, shown by the GLM, suggests that a high amplification threshold would prevent the need for analyzing sample replicates for assessment of genotype quality. This threshold appears to vary between species, diets, fecal properties and/or local environment. To increase the target-to-total DNA ratio and to decrease the PCR-inhibitor concentrations, RamonLaca et al. (2015) found that for herbivorous species, swabbing the fecal pellets in the field and extract DNA from buffer solution gave better results compared to sampling and extraction methods similar to ours. Collection of whole fecal pellets is a straightforward sampling method suitable for citizenscience-based approaches but in order to optimize the recovery of reliable genotypes for analysis, another sampling strategy might be preferable. Notable is that the diet of moose changes between seasons, and it is possible that the genotyping success would be affected if sampling would be conducted during a different time of the year. The filtering process undertaken in this study aimed for reliable genotypes that would result in a conservative population assessment, consequently, our best estimate was 134-135 moose ranging between 115-156 individuals. We find this approach appropriate both in terms of method development; in order to understand and optimize the process of analysis, and also from an animal ethical perspective since we are studying a species that is quite heavily controlled by hunting harvest. The flight inventory made in 2005 detected 150 individuals (Jonsson 2007) , which lies within the confidence interval of our estimation. Obviously, a more recent population count would have been preferable for a comparison with our method. In addition to the demographic information obtained, and despite the high MAF of the SNP panel, genetic differentiation that goes further than the previously found north-south separation of Swedish moose (Blahed et al. 2018; Charlier et al. 2008; Wennerstrom et al. 2016 ) was detected. We found genetic differentiation between moose on Öland and moose on the mainland including significantly lower heterozygosity levels among Öland moose. Hence, although movement of moose between the mainland and Öland is possible and occasionally occur, since moose are able to swim between the mainland and the island, the gene flow is probably limited. Moreover, the lower heterozygosity levels among Öland moose could be an indication of a founder effect, which also is supported by the fact that no indication of inbreeding was detected. The tendency of higher similarity of moose in the northernmost forest area of Öland compared to moose in remaining areas of the island is somewhat surprising due to the limited size of the island. However, the northernmost forest is the largest continuous forest habitat on Öland, and moose in this area may have their resource demand covered within this forest, whereas moose in more fragmented parts of the island need to move and reproduce over larger distances, possibly creating a weak genetic differentiation, at least during winter. In conclusion, we show that reliable and highly informative genotypes can be obtained from noninvasive moose fecal samples. Thus, SNP genotyping is now an available tool for noninvasive population monitoring of moose, including population demography, large-scale population connectivity and structure, as well as pedigree-based work to study individual dispersal and reproductive success.
